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Abstract
Low-energy laser (He^Ne) irradiation was found to promote skeletal muscle regeneration in vivo. In this study, its effect
on the proliferation and differentiation of satellite cells in vitro was evaluated. Primary rat satellite cells were irradiated for
various time periods immediately after preparation, and thymidine incorporation was determined after 2 days in culture.
Laser irradiation affected thymidine incorporation in a bell-shaped manner, with a peak at 3 s of irradiation. Three seconds
of irradiation caused an induction of cell-cycle regulatory proteins: cyclin D1, cyclin E and cyclin A in an established line of
mouse satellite cells, pmi28, and proliferating cell nuclear antigen (PCNA) in primary rat satellite cells. The induction of
cyclins by laser irradiation was compatible with their induction by serum refeeding of the cells. Laser irradiation effect on cell
proliferation was dependent on the rat’s age. At 3 weeks of age, thymidine incorporation in the irradiated cells was more than
twofold higher than that in the controls, while at 6 weeks of age this difference had almost disappeared. Myosin heavy chain
(MHC) protein levels were twofold lower in the irradiated than in the control cells, whereas the proliferation of the irradiated
cells was twofold higher. Fusion percentage was lower in the irradiated compared to non-irradiated cells. In light of these
data, the promoting effect of laser irradiation on skeletal muscle regeneration in vivo may be due to its effect on the
activation of early cell-cycle regulatory genes in satellite cells, leading to increased proliferation and to a delay in cell
differentiation. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
The process of skeletal muscle regeneration follow-
ing injury is characterized by necrosis of muscle tis-
sue, local in£ammation and proliferation of satellite
cells that further fuse to form multinucleated myo-
tubes [1,2]. Satellite cells, considered as the precursor
cells in the process of muscle regeneration following
injury, are normally quiescent, and are activated by
factors released from the injured muscle ¢bers [3^6].
The regulatory mechanisms by which dormant satel-
lite cells are activated to participate in muscle regen-
eration after injury are not yet fully understood.
Hepatocyte growth factor (HGF) has recently been
shown to have the ability to activate quiescent satel-
lite cells in vivo and in vitro and to inhibit their
0167-4889 / 99 / $ ^ see front matter ß 1999 Elsevier Science B.V. All rights reserved.
PII: S 0 1 6 7 - 4 8 8 9 ( 9 8 ) 0 0 1 4 7 - 5
* Corresponding author. Fax: +972-8-946-5763;
E-mail : halevyo@agri.huji.ac.il
BBAMCR 14415 4-1-99
Biochimica et Biophysica Acta 1448 (1999) 372^380
di¡erentiation [7^10]. It is believed that HGF is a
potent activator in crushed skeletal muscle extract,
which has previously been shown to stimulate dor-
mant satellite cells following injury [3,4].
Low-energy laser irradiation has been found to
modulate various processes in di¡erent biological
systems [11^13]. Passarella et al. [14] showed that
laser irradiation generates an extra electrochemical
potential and an increase in ATP synthesis within
the isolated mitochondria as compared to control
non-irradiated mitochondria. More recently, Yu et
al. [15] have suggested that low-energy laser biostim-
ulation can cause the release of transforming growth
factor-L (TGF-L) and platelet-derived growth factor
(PDGF) from cultured ¢broblasts. In addition, Yu et
al. [15] have shown a signi¢cant di¡erence between
cytokines released from irradiated ¢broblasts and
those released from non-irradiated ones.
The e¡ect of low-energy laser irradiation on regen-
eration has been studied in various tissues, such as
skin [13], bone [16], nerve [17] and skeletal muscle
[18,19]. He^Ne laser irradiation of the injured site
enhanced the process of skeletal muscle regeneration
by two- and eightfold over control non-irradiated
tissue in rats [18] and in toads [19], respectively.
The appearance of young myotubes in the injured
area was signi¢cantly higher in the laser irradiated
rats and toads, suggesting that the major candidates
responding to laser irradiation in regenerating
muscles may be the satellite cells. Furthermore, skel-
etal muscle regeneration was markedly enhanced by
laser irradiation in denervated muscle, where satellite
cells probably exist in greater number than in control
muscle [20].
Despite the above data, the direct e¡ect of low-
energy laser irradiation on satellite cells in culture
has not been explored. Therefore, the aim of this
study was to elucidate the e¡ect of He^Ne laser ir-
radiation on the proliferation and di¡erentiation of
satellite cells in culture. To that end, we employed
primary rat and an established culture of mouse sat-
ellite cells. The results of the this study reveal that
Ne^He low-energy laser irradiation induced the ex-
pression of cell-cycle regulatory proteins and satellite
cell proliferation, and inhibited satellite cell di¡eren-
tiation and fusion, suggesting that laser irradiation
promotes muscle regeneration via its e¡ect on these
cells.
2. Materials and methods
2.1. Materials
Dulbecco’s modi¢ed Eagle’s medium (DMEM)
and 2,2P-azino-bis(3-ethylbenzene-thiazoline-6-sul-
fonic acid) (ABTS) were purchased from Sigma (St.
Louis, MO). Sera and antibiotic-antimycotic solution
were purchased from Bio-Lab (Jerusalem, Israel).
2.2. Cell cultures
Rat satellite cells were puri¢ed from hind-leg
muscles of 3-week-old Charles River rats. Brie£y,
the muscles were excised, trimmed of fat and connec-
tive tissue, and chopped with scissors. The tissue was
digested for 1 h at 37‡C with 1.25 mg/ml Pronase
(Boehringer, Mannheim, Germany), and then with
0.25% w/v trypsin for another 30 min at 37‡C. Tissue
fragments were collected by centrifugation at
1500Ug for 5 min and then titrated through a ¢ne
pipette. An enriched population of myogenic cells
was recovered by di¡erential centrifugation (500Ug
for 1 min and then 1500Ug for 5 min), and the pellet
was resuspended in DMEM containing 1% antibiot-
ic^antimycotic solution and 10% horse serum. The
culture was then passed through a nylon membrane
(200 Wm) and preplated for 2 h on uncoated cell-
culture dishes to enrich myogenic cell population.
Immediately after plating onto petri dishes, cells
were irradiated for various time periods (1^10 s).
Cells were then counted and plated on 0.1% gela-
tin-coated plates and maintained in DMEM contain-
ing 1% antibiotic^antimycotic solution and 5% horse
serum (HS).
A pmi28 cell culture was established from mouse
satellite cells [21,22]. In brief, myoblasts were pro-
duced from the hind-leg muscles of a 7-day-old
male Balb/c mouse using collagenase and trypsin tis-
sue digestion. Expansion and enrichment of culture
was achieved by repeated preplating and cultivation
in minimum essential medium with D-valine contain-
ing 20% fetal bovine serum (FBS). When expanded
culture appeared pure (as evaluated by desmin stain-
ing), it was further grown in Ham’s nutrient mixture
F-10 (Gibco BRL) supplemented with FBS (20%).
The myogenic nature of the culture was tested in
vitro by growth in 2% HS-containing medium. After
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3 to 7 days such cultures contained numerous myo-
tubes, some of which contracted spontaneously. The
cells were further propagated in vitro over 40 pas-
sages in the presence of a medium containing 20%
fetal calf serum (FCS) or FBS, without loss of my-
ogenicity or proliferative capacity [21,22]. All cells
were maintained at 37‡C in a humidi¢ed atmosphere
(95% air and 5% CO2).
2.3. Laser irradiation
Cell-containing plates were irradiated thorough a
grid composed of 1.8U1.8-mm squares to ensure
precise irradiation over the tissue-culture plate. The
laser used was a He^Ne laser (632.8 nm, 4.5 mW; 1.8
mm beam diameter; Ealing Electro-Optics, Hollis-
ton, MA). Primary satellite cells were irradiated im-
mediately after the preplating period in which cells
were not suspended but laid on the bottom of the
dish. Cells were then counted and seeded on 96-well
microplates. In the case of pmi28 cells, the irradia-
tion was performed on monolayer cells that had pre-
viously been seeded on 60-mm petri dishes. In all
cases, control non-irradiated cells were kept in the
same conditions as the treated cells.
2.4. Thymidine incorporation
DNA synthesis was assessed by [3H]thymidine in-
corporation [23]. [3H]Thymidine (New England Nu-
clear, Boston, MA) was added (1 WCi/well) for 4 h of
incubation, after which the cells were detached with
0.25% (w/v) trypsin and precipitated with 10% (w/v)
trichloroacetic acid. Radioactivity in the dissolved
precipitates was counted in Quicksafe A scintillation
£uid (Zinssen Analytic, UK) using a Tri-Carb
1600CA scintillation counter (Packard, Downers
Grove, IL).
2.5. PCNA expression
PCNA expression was analyzed by the ELISA de-
veloped by Johnson and Allen [24]. Cells were cul-
tured on gelatin-coated 96-well plates. Cultures were
removed after 19 h of incubation and ¢xed with 4%
paraformaldehyde for 20 min, followed by 10 min
incubation with 0.1% Triton X-100 in PBS. Cells
were then blocked in 10% fat-free milk in PBS and
incubated for 2 h with 10 Wg/ml anti PCNA, 19F4
(Boehringer). Cells were then rinsed with PBS con-
taining 0.05% (w/v) Tween-20, and incubated for 1 h
with horseradish peroxidase sheep anti-mouse IgG
(Amersham, UK). Color was developed in the pres-
ence of ABTS solution and hydrogen peroxide, and
absorbency was recorded at 405 nm, using a micro-
plate reader (Bio-Tek Instruments, Winooski, VT).
Protein content was determined in parallel plates,
using the Pierce micro-protein assay according to
the manufacturer’s procedure (Pierce, Rockford, IL).
Fig. 1. E¡ect of He^Ne laser irradiation at various time inter-
vals on thymidine incorporation in 3-week-old rat satellite cells.
After preparation, cells were preplated for 2 h and then irradi-
ated for various periods. Cells were then cultured in DMEM
containing 5% HS and incubated for 40 h, and [3H]thymidine
was added for an additional 4 h. Results are means þ S.E.M. of
six replicates and signi¢cant di¡erences are from time 0.
*P6 0.05, **P6 0.01.
Fig. 2. Proliferation of rat satellite cells in response to laser ir-
radiation. Cells were irradiated or non-irradiated for 3 s and
then incubated in DMEM^5% HS for 6 days. The medium was
changed every day, and cell density was monitored. Points and
error bars represent the means þ S.E.M. of three cultures per
treatment. *P6 0.05.
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2.6. Sarcomeric MHC expression
Sarcomeric MHC expression was analyzed by the
ELISA as previously described [25]. In brief, cells
were grown on 96-well microtiter plates, ¢xed in
methanol for 20 min, treated with 0.1% (w/v) Triton
X-100 in PBS, and incubated for 2 h with MF-20
(Developmental Studies Hybridoma Bank, Univer-
sity of Iowa; contributed by Dr. D. Fischman), a
monoclonal antibody against sarcomeric myosin.
Cell were then incubated for 1 h with horseradish
peroxidase sheep anti-mouse IgG, and color was de-
veloped in the presence of ABTS solution and hydro-
gen peroxide. Protein content was determined in par-
allel plates.
2.7. Cell fusion
For cell fusion, assay cells were grown in the pres-
ence of 5% HS-containing medium for 5 days and
then ¢xed with methanol for 20 min, stained with
Giemsa (20% in water) for 5 min and rinsed with
tap water. Plates were left to dry overnight for nuclei
counting. Ten random ¢elds from each of six culture
wells per treatment were counted using a microscope
equipped with a video camera and a TV screen (Ap-
plitek, Tel Aviv, Israel). The percentage of nuclei in
the myotubes out of total nuclei was de¢ned as fu-
sion percentage.
2.8. Western blot analysis
Cells were lysed in NP-40 lysis bu¡er (50 mM
Tris^HCl (pH 7.5), 150 mM NaCl, 0.5% NP-40
with 1 mM dithiothreitol, 1 mM phenylmethylsulfon-
yl £uoride, leupeptin and pepstatin (10 Wg/ml each),
aprotinin (20 Wg/ml), and phosphatase inhibitors
(1 mM NaF, 1 mM Na3Vo4)). Cell extracts were
sonicated using an ultrasonic cell disrupter (Micro-
son, Farmingdale, NY, USA), clari¢ed by centrifu-
gation, and frozen at 380‡C. Cells were normalized
to protein content and proteins were separated by
SDS^PAGE and transferred to nitrocellulose ¢lters
(Schleicher and Schuell, Dassel, Germany). After
blocking with TBS-T (50 mM Tris^HCl (pH 7.5),
150 mM NaCl and 0.5% Tween-20) containing 10%
milk, membranes were incubated for 2 h at room
temperature with cyclin D1, cyclin E or cyclin A
antibodies each at dilution of 1:1000 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). The mem-
brane was then washed with TBS-T and incubated
for 1 h with horseradish peroxidase sheep anti-mouse
IgG (dilution 1:3000; Amersham). Proteins were vis-
ualized using enhanced chemiluminescence (Pierce).
2.9. Statistical analysis
Data were analyzed in a one-way analysis of var-
iance using the General Linear Models procedures
[26] Signi¢cant di¡erences among treatment means
were separated by Duncan’s new multiple range
test [27] with a 5% level of probability.
3. Results
3.1. Low-energy laser irradiation a¡ects satellite cell
proliferation
Immediately after plating onto petri dishes, cells
were irradiated with He^Ne laser for various time
periods (1^10 s), and then incubated in the presence
of 5% HS. Preliminary studies revealed that thymi-
dine incorporation was very low after 24 h of incu-
bation, suggesting that most cells were not yet in the
cell cycle. Therefore, cells were incubated for 44 h,
and [3H]thymidine (WCi/well) was added during the
last 4 h. Fig. 1 shows that laser irradiation increased
Fig. 3. Age-dependent e¡ect of laser irradiation on thymidine
incorporation in rat satellite cells. Cells were prepared from rats
at various ages, and following preplating periods were irradi-
ated for 3 s. [3H]Thymidine was added for the last 4 h of 44 h
incubation. Results are presented as -fold induction of each
treatment compared to its speci¢c control at a speci¢c age. Re-
sults are means þ S.E.M. of six replicates. *P6 0.05.
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satellite cell proliferation in a bell-shaped manner,
with a maximal and statistically signi¢cant
(P6 0.05) e¡ect at 3 s (approximately twofold induc-
tion). Ten seconds of irradiation caused a signi¢cant
inhibitory e¡ect (P6 0.01) on cell proliferation as
compared to control non-irradiated cells.
In addition, cells were monitored for their prolif-
eration in response to laser irradiation. Immediately
after the preplating period, rat satellite cells were
irradiated for 3 s, and then plated in parallel to
non-irradiated cells on 24-well plates in the presence
of 5% HS-containing medium which was changed
every day. Cells were detached with trypsin (0.25%
w/v) and counted in a cell-counter (Coulter Elec-
tronics, Luton, UK). The number of proliferating
cells following irradiation was higher than control
cell number from the second day and on (Fig. 2).
The di¡erence was statistically signi¢cant (P6 0.05)
at 2, 4 and 6 days in culture, being highest (twofold
over control cells) at 6 days. It should be noted that
some inhibition of growth rate was observed between
days 2 and 4 in the laser-irradiated cells, after which
growth rate increased again. The reason for this phe-
nomenon is not clearly understood. One possibility
could be that changes at the molecular level (i.e.,
inhibition of di¡erentiation) cause a transient delay
in cell growth. A similar observation was also made
in a rat osteoblast cell line, ROS 17/2.8, irradiated by
low-energy laser [28].
3.2. Relationship between age and laser irradiation
e¡ect
Satellite cell population usually decreases in abso-
lute numbers and as a percentage of the total number
of nuclei in the skeletal muscle with increasing age
[29,30], and the lag period for satellite cell division
correlates with the age of the animal [31]. Absolute
thymidine incorporation levels were reduced with in-
creasing age (data not shown). Therefore in order to
correlate the age and laser e¡ects, thymidine incor-
poration levels in the control and treated cells were
compared within each age. Fig. 3 demonstrates the
e¡ect of a ¢xed low-energy laser irradiation (3 s),
Fig. 4. Expression of cell-cycle regulatory proteins in response to laser irradiation. pmi28 cells were cultured in DMEM^20% FCS for
1 day. The cells were then starved in DMEM for an additional day, after which cells were either irradiated for 3 s or refed with
DMEM^10% FCS. Cyclin D1, cyclin E (A) and cyclin A (B) protein expression was visualized at various time intervals after irradia-
tion/refeeding using Western blot analysis. (C) Satellite cells prepared from 3-week-old rats were irradiated for 3 s and cultured in 5%
HS-containing medium. PCNA expression levels were determined after 19 h incubation. Results are means þ S.E.M. of six replicates.
*P6 0.05.
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following the preplating period, on the proliferation
of satellite cells that were isolated from rats at vari-
ous ages. It can be seen that the extent of thymidine
incorporation increase following laser irradiation is
inversely correlated with the rat’s age. Whereas at
3 weeks of age the induction of thymidine incorpo-
ration in the irradiated cells was more than twofold
higher than the controls (P6 0.05), at 6 weeks of
age there was no di¡erence between control and the
irradiated cells.
3.3. The e¡ect of laser irradiation on cell-cycle protein
expression
The above results demonstrated that, low-energy
laser irradiation would appear to stimulate irradiated
cells to proliferate. Therefore, cell-cycle regulated
protein expression was evaluated in response to laser
irradiation. Earlier studies have shown that in serum-
starved cells, cyclin D1 is the ¢rst cyclin and one of
the earliest cell-cycle proteins to become upregulated
after retreatment with FCS or growth factors [32,33].
Other cell-cycle regulatory proteins are cyclin E,
which is induced at the G1/S boundary, and cyclin
A, which is induced at a later phase of the cell cycle
and at the onset of DNA replication [34].
Here, growing pmi28 mouse satellite cell myoblasts
were rendered quiescent by serum starvation for 24
h. Cells were then either refed with DMEM contain-
ing 10% FCS or irradiated for 3 s. Irradiated and
control non-irradiated cells continued to be kept in
the serum-free medium. Cells were harvested in lysis
bu¡er at zero time and at various time points there-
after, and samples were normalized to protein levels
and electrophoresed on SDS^PAGE, followed by
Western blot with cyclin D1, E or cyclin A antibod-
ies. Cyclin D1 protein was already induced to com-
parable levels in irradiated or in serum-treated cells
after 2 h, compared to non-treated cells (Fig. 4A).
These levels continued to remain high after 6 h but
began to decline at 9 h post-irradiation (data not
shown). Cyclin E was induced 6 h post-irradiation
in laser-irradiated and serum-fed cells (Fig. 4B),
whereas cyclin A was visualized in those cells only
at 9 h post-starvation (Fig. 4B), and its levels in
control cells remained invisible.
The expression of another early cell-cycle protein,
PCNA, which is upregulated in the late G1 phase,
was evaluated in primary rat satellite cells. These
cells were prepared from 3-week-old rats, irradiated
for 3 s with low-energy laser immediately after pre-
plating and replated on 96-well microplates for 19 h
in DMEM containing 5% HS. PCNA protein levels
were 2.5-times higher in irradiated than in control
untreated cells (Fig. 4C). These results imply that
laser irradiation a¡ects early cell-cycle regulatory
genes, thereby increasing cell proliferation.
3.4. Laser irradiation inhibits satellite cell
di¡erentiation
Previous studies have shown that several growth
factors and hormones promote satellite cell prolifer-
ation and inhibit their di¡erentiation [9,25,35]. Here,
at 3 days post-irradiation, MHC expression, a well-
known marker for muscle cell di¡erentiation, was
approximately fourfold lower in primary rat satellite
cells that were laser-irradiated compared to control
non-irradiated cells (Fig. 5A). Additional irradiated
cells were still in the cell cycle as their thymidine
incorporation index was more than twofold higher
Fig. 5. E¡ect of laser irradiation on satellite cell di¡erentiation.
Satellite cells were prepared from 3-week-old rats and were irra-
diated for 3 s. (A) MHC protein expression and thymidine in-
corporation were determined in cells incubated for 3 days. Re-
sults are means þ S.E.M. of six replicates. (B) Percentage of
fusion in satellite cells incubated for 4 days. Approximately 600
nuclei were counted in each replicate. *P6 0.05.
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than that of the control cells. In addition, in cells
kept in culture for 4 days, fusion of satellite cells
was approximately twofold lower in the laser-irradi-
ated cells (Fig. 5B).
4. Discussion
Previously it has been shown that low-energy laser
irradiation promotes skeletal muscle regeneration in
vivo [18^20]. To explore the mode of action of laser
irradiation in muscle regeneration, we chose to inves-
tigate its e¡ect on satellite cell myogenesis in an iso-
lated culture, as these cells constitute the sole source
of newly formed myotubes after muscle injury.
Laser irradiation was found to enhance satellite
cell proliferation, as indicated by the increase of cy-
clin A protein expression and higher labeled thymi-
dine incorporation which was followed by a higher
growth rate of the irradiated cells compared to the
control non-irradiated cells. Previous studies on cul-
tured chrondrocytes and ¢broblasts have also shown
the ability of He^Ne laser irradiation to promote cell
proliferation [12,36,37], and proposed that enhanced
wound-healing due to irradiation with He^Ne laser
may be due to the increased proliferation of the cells.
In addition, it has been suggested that laser irradia-
tion can cause the release of TGF-L and PDGF from
¢broblasts [15]. The latter has been found to be mi-
togenic for satellite cells [38]. In contrast, low-power
laser irradiation did not enhance thymidine incorpo-
ration in rat muscle cell line, L8 [39]. The discrep-
ancy between the present work and previous reports
could be due to di¡erent irradiation conditions, and/
or di¡erent cell characteristics. It should be noted
that irradiation of the mouse skeletal muscle cell
line C2 for 3 s also caused a twofold increase in
thymidine incorporation in the irradiated cells over
the control cells (Ben-Dov and Halevy, unpublished
results). The more likely possibility is that 3 s of laser
irradiation both increases cell proliferation and tran-
siently inhibits the expression of protein markers of
muscle di¡erentiation and fusion by di¡erent mech-
anisms (see below).
The present study indicates that di¡erent irradia-
tion periods can have opposite e¡ects on cell prolif-
eration: irradiation periods as short as 2^3 s en-
hanced thymidine incorporation, whereas longer
periods of irradiation decreased and even abolished
this activity. Although this phenomenon has also
been indicated by earlier studies on other cell types
[12,40], its regulatory mechanism is not clearly
understood. It can be postulated that di¡erent
amounts of reactive oxygen species produced by dif-
ferent laser energies may have di¡erent e¡ects on cell
proliferation (see below).
The e¡ect of laser irradiation on cell cycle regula-
tory proteins corroborates the above ¢ndings. Early
cell-cycle proteins which are upregulated in the G1
phase were induced by low-energy laser irradiation.
Cyclin D1 was induced in both irradiated and serum-
treated pmi28 cells, as early as 2 h after starvation/
irradiation, followed by the induction of cyclin E
after 6 h. In addition, PCNA expression was 2.5
times higher in irradiated primary satellite cells com-
pared to control cells after 19 h of incubation, indi-
cating that a greater number of cells were in the G1
phase. Taken together, these data suggest that low-
energy laser irradiation activates quiescent satellite
cells and drives them earlier to cell cycle. It is known
that cyclin D1 is a critical target for proliferative
signals in, and is required for cell-cycle progression
in G1 [41]. Thus, it is possible that laser irradiation
mediates its e¡ect on satellite cell proliferation by
a¡ecting very early events in the cell cycle. To the
best of our knowledge, this study is the ¢rst to show
the e¡ect of laser irradiation on cell-cycle regulatory
proteins.
The extent of satellite cell activation and prolifer-
ation by laser irradiation decreased with age. It is
unlikely that this was due to decreasing numbers of
satellite cells because the number of irradiated cells
was equal in the cultures prepared of the various
ages. It is more likely that the decreased e¡ect was
due to the longer lag time in cells derived from older
rats, namely that when cells were irradiated for 3 s,
the older cells continued to remain dormant and
could not be activated, while the younger ones could.
This suggests that di¡erent irradiation conditions
may be needed for cells derived from muscles of
rats of di¡erent ages. This assumption is in agree-
ment with an earlier hypothesis that the e¡ect of
laser irradiation is determined by the ‘physiological
state’ of the cells [12,42].
Another way of achieving a large number of pre-
cursor myogenic cells is to delay the satellite cell
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di¡erentiation program, thereby allowing more cells
to proliferate and eventually add more ¢bers. Here,
in addition to its positive e¡ect on satellite cell acti-
vation and proliferation, laser irradiation signi¢-
cantly inhibited muscle cell di¡erentiation. This in-
hibition could be seen by the lower MHC expression
which was accompanied by higher thymidine incor-
poration in the irradiated cell population. This phe-
nomenon resembles previous observations, which
demonstrated opposite e¡ects of growth factors
such as HGF, bFGF and growth hormone on satel-
lite cell proliferation and di¡erentiation [9,25,35].
Moreover, the fusion percentage was lower in the
irradiated cells compared to non-irradiated cells, sug-
gesting a delaying e¡ect on muscle cell fusion by low-
energy laser irradiation, as has been found previously
[39]. Taken together, it is possible that laser irradi-
ation a¡ects satellite cell proliferation, causing them
to stay longer in the cell cycle, and thereby causing a
delay in cell di¡erentiation. However, the more likely
possibility is that laser irradiation both a¡ects cell
proliferation and inhibits the induction of late
muscle-protein expression and fusion in di¡erent
mechanisms.
What is the mechanism associated with the stim-
ulatory e¡ect of the low-energy laser irradiation? As
laser irradiation is photochemical in nature, one as-
sumption is that the energy is absorbed in intracel-
lular chromophores and converted to metabolic en-
ergy, i.e., the respiratory (cytochrome) chain [11^13].
Indeed, in cultured HeLa cells, cellular ATP levels
increased by almost twofold after He^Ne laser irra-
diation [42]. In addition, laser irradiation could a¡ect
Ca2 exchange through cell membrane and cause
transient changes in the cytoplasmic Ca2 concentra-
tion [43,44]. It has been suggested very recently that
in skin and sperm cells, biostimulative e¡ects exerted
by low-power lasers may lead to reactive oxygen spe-
cies (ROS) production, which is bene¢cial for the
cells [45]. In view of these studies, and because in
this study cyclin D1, cyclin E and cyclin A expression
levels were augmented in a parallel manner by laser
irradiation and serum treatment, it is tempting to
speculate that the low-energy laser a¡ects signal
transduction pathways, such as Ca2-dependent-pro-
tein kinase C (PKC) or mitogen-activated protein
(MAP) kinase cascades.
In conclusion, this study suggests that the promot-
ing e¡ect of laser irradiation on skeletal muscle re-
generation in vivo may be due to its e¡ect on acti-
vation of early cell-cycle genes in satellite cells,
leading to increased proliferation and to a delay in
cell di¡erentiation.
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